A new united-atom force field is proposed for ␣-olefins. The proposed force field is used to study vapor-liquid equilibria for pure components and binary mixtures. Results of phase equilibria simulations are found to be in good agreement with available experimental data.
I. INTRODUCTION
Recent advances in simulation techniques have made calculation of phase equilibria of complex systems possible from atomistic models of intermolecular interactions. From simple Lennard-Jones 1 fluids to fairly realistic models of molecules, coexistence ͑e.g., vapor-liquid͒ properties can now be simulated with unprecedented levels of accuracy. Simulation of phase equilibria for long, articulated molecules has also become possible with the development of configurational-bias and expanded-ensemble techniques. [2] [3] [4] Coexistence properties and, in particular, orthobaric densities, provide a stringent test of the accuracy of a force field. Furthermore, the wide availability of vapor-liquid equilibrium experimental data make simulations of coexistence properties an attractive means of optimizing or refining existing force fields. Recently, several united-atom force fields have appeared in the literature which can accurately describe coexistence curves for normal alkanes [5] [6] [7] and branched alkanes. 8 In previous work, we have developed united atom force fields for both normal alkanes 5 and branched alkanes 8 ͓the Nath, Escabedo, and de Pablo revised ͑NERD͒ force field͔ which are capable of reproducing experimental phase equilibrium data. Here, we extend the NERD force field to the ␣-olefins. Knowledge of phase-equilibria for alkane and other olefins is important for both the polymer and the petro-chemical industries. Over the last few years, with the development of novel processes and products, the use of ␣-olefins as reactants, intermediates, or end products has increased significantly. Accurate prediction of thermodynamic properties and phase equilibria of the ␣-olefins and their mixtures is important for optimal design of such process and products. Industrial applications have often relied on empirical correlations and semitheoretical equations of state to predict phase equilibria; unfortunately the predictive capabilities of commonly used equations of state of mixtures have recently been called into question. 9, 10 Given the chemical simplicity of alkanes and olefins, molecular simulations could provide a useful complement or alternative in the study and description of the phase behavior of these systems.
To our knowledge, only two studies have proposed united atom force fields for ␣-olefins. In the first of these, Jorgensen et al. 11 proposed a model for 1-butene. These authors examined the liquid density, boiling point, heat capacity, thermal expansion coefficient and compressibility at 25°C. The second, proposed recently by Spyriouni et al., 12 is based on pure-component phase equilibrium data for ␣-olefins ranging from 1-butene to 1-octene. Although a force field based on pure-component phase equilibrium already exists for ␣-olefins, our search for a new set of parameters is motivated by two reasons; first, based on the level of agreement with pure component experimental phase equilibrium data and Spyriouni et al. predictions, we felt that there is still room for model improvement, and, second, we are interested in force fields for ␣-olefins that are compatible with our existing NERD force field. The new force field would be used to obtain mixture properties of ␣-olefins with other alkanes.
II. MODELS AND SIMULATION DETAILS
As mentioned earlier, a united-atom representation of the alkanes and the alkenes is adopted throughout this work ͑e.g., CH 3 , CH 2 , and CH groups are described by single interaction sites͒. For simple n-alkanes, we use the NERD force field. 5 Lennard-Jones parameters for the alkenes are obtained by slight modifications of those for n-alkanes. As for the n-alkanes 5 and the branched alkanes, 8 we decided to adopt the same CH 2 parameters when CH 2 is not an end site (CH 2 with sp 3 hybridization͒. Since the alkenes and the n-alkanes are similar, except the slight difference in one of the end groups, we expect that using the same CH 2 (sp 3 ) parameter will result in a model for alkenes which, for pure components, is as accurate as the NERD model is for n-alkanes.
For CH sites, we adopt independent parameters for the alkenes as for the branched alkanes because the two cases have different hybridization. For alkenes, CH sites have sp 2 hybridization and for branched alkanes, CH sites have sp 3 hybridization.
An independent set of parameters for end CH 2 (sp 2 ) groups is required for ethylene; for the other alkenes the parameters for the end CH 2 (sp 2 ) groups are the same. Similarly, an independent set of parameters for the end CH 3 Tables I and II provide a complete list of intra and intermolecular NERD force field parameters for both normal alkanes and alkenes. In all calculations, a cutoff radius of 10.0 Å was employed for Lennard-Jones interactions and standard tail corrections were implemented. As in our previous work, we use simple Lorentz-Berthelot combining rules for the interaction parameters between unlike pairs
All coexistence-curve simulations were conducted by means of an expanded Gibbs ensemble formalism. 4 All simulations were supplemented by configurational-bias moves. For pure components, all simulations were conducted at constant volume and temperature. For mixtures, all simulations were conducted at constant pressure and temperature. Vapor pressures for pure components where calculated by evaluating the pressure from constant number of molecules, volume, and temperature molecular dynamics ͑NVT-MD͒ simulations at the coexistent vapor densities obtained from coexistence calculations. For detailed accounts of the simulation techniques, readers are referred to the original publications. 4, 13 In all our simulations, molecules were displaced by means of a hybrid Monte Carlo ͑HMC͒ procedure. 14, 15 Within the HMC procedure, five molecular dynamics steps were used to generate a global trial Monte Carlo move. A time step of 2 ps was used for the molecular-dynamics moves, as part of the HMC procedure.
The sizes of the systems investigated for purecomponent simulations ranged from 400 molecules for 1-propene to 100 molecules for 1-octene. For simulations of mixtures, the sizes of the systems ranged from 200 to 300 molecules for mixtures of alkenes and hexatriacontane. Equilibrium averages were collected for at least 2ϫ10 7 simulation steps, of which about 5% were volume moves, 5%-10% were HMC moves and the rest were transfer moves. Figures 1 and 2 show experimental and simulated orthobaric densities for different alkenes up to 1-octene; propene, 1-butene, and 1-pentene in Fig. 1 , and, 1-hexene and 1-octene in Fig. 2 . In both figures, the open circles correspond to experimental data, and the filled circles are results from simulations with the current model. To complete the coexistence curves near the critical point, we fit the results of simulations to a simple Ising scaling-law analysis using a critical exponent ␤ϭ0.32; 16 as we are mainly interested in the phase behavior of alkenes away from the critical point, no crossover or finite-size corrections were implemented in this work to estimate critical properties. The Ising fit curves are also shown in Figs. 1 and 2 by solid lines. Figures 1 and  2 show that simulation results for the alkenes are in good agreement with experimental data. Unfortunately, we cannot assess the accuracy of our force-field for phase equilibrium of longer alkenes ͑data are not available͒. Simulated coexistence densities and their statistical accuracies for the alkenes from the current model are given in Table III . Average densities are determined by constructing histograms from which the most probable value and the half width at half peak height are extracted.
III. RESULTS AND DISCUSSION
An important test for molecular models is their ability to correctly describe the vapor pressure. Figure 3 shows simulated and experimental vapor pressures of 1-butene, 1-hexene, and 1-octene at several temperatures. Agreement between experiment and simulation is satisfactory.
As mentioned in the introduction, in this work we have also studied mixtures of alkenes with long alkanes. It is important to emphasize that one of our primary interests is to use force fields based on pure component properties to study various mixtures involving short and long olefins. In previous publications we have showed that this is possible for binary mixtures of short and long normal alkanes and branched alkanes. 8, 9 Unfortunately, to the best of our knowledge, experimental data for mixtures with alkenes are limited; direct comparison of simulation results to experiments for mixtures was, therefore, minimal in this article.
For completeness, we study binary mixtures of 1-butene with hexatriacontane and we compare our results with the one experimental value available, 20 as well as with the pre- 21 The compressibility factor in SAFT is assumed to consist of a reference term and a polymer term which describes the effect of bonding of spherical sites to form chains. Detailed accounts of SAFT can be found in the original publication.
21 Figure 4 shows a pressure vs composition diagram for a binary 1-butene-hexatriacontane mixture at Tϭ473 K. Both simulations and SAFT calculations are conducted without the use of adjustable binary parameters. Our simulation results are in good agreement with the predictions from SAFT and the available experimental value; the pressure predictions from Spyriouni et al. are slightly higher. In previous work 5 we showed that SAFT predictions for phase equilibria in highly asymmetric mixtures ͑such as ethylene-eicosane, or ethylene-tetracontane͒ are not as accurate as those simulations with the NERD force field. Spyriouni et al. 12 suggested that with increasing solvent size SAFT should be expected to become progressively better, which could explain why we see good agreement between SAFT and simulation predictions in this work. Figure 5 shows results of simulations and SAFT predictions for the binary 1-butene-hexatriacontane system at constant pressure ( Pϭ50 bar). This system shows evidence of a lower critical solution temperature ͑LCST͒. Simulation predictions from Spyriouni et al. are also shown in this figure.
Our simulation results are slightly higher than those from the Spyriouni et al. model, and are similar to SAFT predictions. To the best of our knowledge, no experimental data are available for this case.
Density diagrams for both cases are shown in Figs. 6 and 7. Density results are compared to SAFT in both figures. For both systems, SAFT predictions are similar to our simulations. The slight deviations in density between simulation and SAFT are consistent with the slight deviations observed in the compositions of the systems. Unfortunately, no experimental data was found for the coexistence densities shown in Figs. 6 and 7.
IV. CONCLUSIONS
In this manuscript, we have proposed a new set of united-atom force field parameters ͑NERD model͒ for alkenes. The new force field is an extension of a previously proposed force field for linear alkanes and branched alkanes ͑NERD model͒. Good agreement with experimental coexistence properties was found for pure alkenes up to C 8 . In the proposed model, end group CH 2 (sp 2 ) parameters for ethylene and end group CH 3 (sp 3 ) for propene are different than those for the rest of the alkene molecules.
Simulations were also conducted to study the ability of the proposed force field to describe low-and high-pressure phase equilibria in mixtures of small and long chain molecules. The systems studied here include mixtures of 1-butene and hexatriacontane. The results of simulations for mixtures were compared to predictions of the SAFT equation of state, predictions from the molecular model of Spyriouni et al., and one experimental datum; it was found that, for these mixtures, simulations are in quantitative agreement with the predictions from SAFT and are in agreement with the experimental datum. 
